Despite the unique opportunity race car driving provides to study exercise in extreme conditions, the sport of racing is under-represented. A better understanding of how racing changes physiological measures combined with driver demographics may help reduce driver risks and expand the field of driver science. This study charted the changes in heart rate, body temperature, blood pressure, static oxidation reduction potential (sORP), and antioxidant capacity in drivers before and after racing (n = 23). The interaction between racing and driver characteristics on physiological variables were evaluated. Heart rate, body temperature, and sORP were elevated after racing (P < 0.05). Age, cockpit temperature, experience, and speed did not correlate with physiological or oxidative measures (P > 0.05). Elevated post-race sORP values were associated with higher pre-race systolic blood pressure and lower antioxidant capacity (P < 0.05). We conclude that racing alters the redox response in drivers and that drivers' pre-race systolic blood pressure and antioxidant capacity can further alter it. A better understanding of the physical and oxidative changes which result from racing may help minimize the unique risks
Introduction
The field of driver science has not built the momentum that other fields in sport science have, despite the unique opportunities present in this sport. The unique conditions of car racing -the exertion of driving, cockpit temperatures, and high speeds -produce physiological and cardiovascular stress [48] . There is evidence that drivers experience increased body temperature (up to 38 °C) and heart rate [8, 44, 47, 48] but there is a paucity of information about blood pressure [8] and less about the redox response that regulates oxidative stress (OS).
Despite the lack of information on sport racing, there are exercise studies that suggest interactive effects between physiological measures and environmental context. When exposed to hyperthermic conditions during exercise, body temperature, heart rate, and OS markers increase [18, 26, 39] . Cycling alone induced protein oxidation, but in hyperthermic conditions, lipids were more often oxidized whereas protein oxidation was prevented [39] . Running increases two measures of lipid oxidation, F2-isoprostanes and lipid hydroperoxides, but in hyperthermic conditions, only F2-isoprostanes levels are increased [26] . These studies suggest that there are multiple avenues through which OS can occur depending on the type of exercise and the conditions in which it happens. The combined physical exertion of driving and the unique external features of racing could also alter the redox response resulting in OS.
Redox changes during exercise is gaining attention as an adaptive mechanism [9, 25, 26, 28, 29, 39, 40, 43, 44] . It is associated with the activation of the autonomic nervous system [29, 45] and, like exercise-induced changes in heart rate and blood pressure, it can have a hormetic effect [28] . Free radicals, such as reactive oxygen species (ROS) and nitric oxide (NO), have physiological roles in vascular tone, immune responses, wound healing, and cell signaling [3, 15, 21, 28, 46] . However, when there is an excessive or chronic redox imbalance in favor of free radicals, OS occurs causing damage to nearby lipid, proteins, and DNA. OS plays a significant role in the development of cardiovascular and neurological disorders [2, 19, 20, 38] .
The presence of OS can be implied by measuring singular or paired biomarkers, such as ascorbic acid, ROS, lipid hydroperoxides, or the ratio of reduced to oxidized glutathione. However, redox imbalance does not necessarily result from the imbalance of a single component. The redox system regulates the production of all oxidants and all antioxidants, thus measuring a single component gives a potentially misinformed view of how the redox system is working. A more global indicator of redox imbalance can be determined by measuring oxidation-reduction potential (ORP), which is a measure of a biological sample's tendency to lose electrons (oxidize) or gain electrons (reduce) regardless of the donating or receiving agent [37] . Thus ORP provides a versatile indicator of how all oxidants and all antioxidants are working. ORP has been used to assess relative OS in many medical conditions [4, 5, 7, 32, 33, 37, 40, 41, 43, 51] .
Because there is little information regarding OS and car racing, despite the implications for it, we studied the redox status as an indicator of OS in race car drivers and the interactive effects between redox status, other physical measures, and driver demographics.
Materials and Methods

Institutional approval and consent
The study was approved by IntegReview Institutional Review Board and was done in accordance with institutional guidelines and those outlined by the International Journal of Sport Medicine [17] . Each driver signed a consent form prior to participation in the study.
Study design
This was a prospective, observational pre-post study measuring physiological stress pre-race (baseline) and post-race in volunteer drivers. The physiological variables were heart rate, blood pressure, body temperature, and oxidation-reduction potential (ORP). These variables were compared for changes from baseline and between groups. Groupings were based on the use of cooling shirts, daily vitamin use, alcohol use, and hypertension. Secondary variables included driver age, body mass index (BMI; height and weight), years of experience, internal cockpit temperature, and maximum lap speed. Ambient temperature and relative humidity on the day of baseline and race day were recorded and the daily average was used. See ▶Fig. 1 for timeline of events.
Selection criteria
Healthy amateur male race car drivers were recruited from the Porsche Club of America (PCA) Rocky Mountain Region's 24 th Porsche Club Race (High Plains Raceway, Deer Trail, CO, USA). Consenting males > 18 years old were included. Females were not included due to lack of significant participation. Consenting drivers were excluded if there was no baseline measure taken at least 24 h prior to the 3 rd practice session or if they failed to race in the 3 rd session (See timeline).
Data collection
Participants filled out a survey about age, BMI, hypertension, daily vitamin use (antioxidants), smoking, and drinking habits. Alcohol use reflected a lifestyle choice; drivers were not drinking during the race event. The survey included years racing, use of cooling shirts, and experience with the current track. After consent baseline measures of heart rate, blood pressure, body temperature, and ORP were obtained. Baseline measures were taken prior to the open lap session on Day 1 so that baseline measures truly reflected pre-racing levels. Open lap sessions are a time when drivers can unofficially practice on the track. Post-race measures were taken after the 3 rd practice race about 24 h later. The 3 rd practice race was a qualifying race for the final race (see ▶ Fig. 1 for timeline) . We chose to collect data after the 3 rd practice to optimize the number of participants, because some drivers would not qualify for the final race and thus would not be able to contribute to post-race data.
Post-race body temperature and cockpit temperature were recorded in the hot pit. Heart rate, blood pressure, and ORP were measured after drivers removed their driving suits. Cockpit temperatures were collected using an infrared laser thermometer gun. Speed data was determined by the fastest lap time officially posted at the raceway. Ambient temperature and humidity were recorded three times on both days.
Physiological measures
A digital oral thermometer with disposable probe covers was used to obtain body temperatures. Blood pressures and heart rate were obtained within 60 min after coming off the track for post-race measures. Systolic and diastolic blood pressures (sBP and dBP, respectively) were recorded. The radial heart rate was taken manually at the time blood pressures were taken.
Redox status through ORP values
Redox status was determined electrochemically by measuring oxidation-reduction potential (ORP). ORP was measured on site from freshly obtained whole blood samples using the RedoxSYS System®. Using a heparinized vacutainer, one tube of blood was collected after blood pressure and heart rate measures. The RedoxSYS System is comprised of an electrochemical analyzer and single-use, disposable whole-blood sensors (Aytu BioScience, cat. # 100016 and #100347, respectively). Fifty microliters (50 µL) of whole blood were added to the sensor pre-inserted into the RedoxSYS analyzer. The analyzer begins testing immediately upon sample detection. Data are presented as the static ORP (sORP, millivolts: mV) and capacity ORP (cORP, microcoulombs: µC). sORP is a measure of the current state of OS; a higher sORP value indicates a redox potential in favor of oxidant activity. cORP is a measure of antioxidant capacity; a higher cORP value (lower icORP-see below) indicates an increased capacity to mitigate oxidative insults. Both ORP measures were done in duplicate and averaged.
Data analysis
Data was analyzed using 2-way mixed model ANOVAs (Statistica, Dell Software). Fisher's LSD post-hoc tests were used for significant ANOVA effects (P < 0.05). The pre/post-race data was used in all ANOVA analyses as the repeated measure. There were four independent variables: use of cooling shirt, vitamin use, presence of hypertension, and alcohol use. There were six dependent variables on which the ANOVAs were done: sORP, cORP, dBP, sBP, body temperature, and heart rate. Each dependent variable was analyzed four times, once for each independent variable. The main effect of pre/post-race on the dependent variables was only reported for the use of cooling shirts, which was the first independent variable that underwent statistical analysis. Main effects of each independent variable and interaction effects with the repeated measures variable for each dependent variable were reported for each 2-way mixed model ANOVA.
Simple Pearson's r moment correlations were run between postrace ORP measures and continuous variables: age, height, weight, BMI, race years, cockpit temperature, and speed. Using variables that had a significant correlation or had a significant pre-post response in the 2-way ANOVAs, a forward stepwise multiple regression analysis, with a P to enter of 0.05 and a P to remove of 0.15, was done to determine if there were specific variables that could predict post-race redox status.
All data are presented as mean + standard error of the mean (SEM). The inverse of the cORP data was used to make it relevant with previous studies that found it was not often normally distributed [4, 5] . cORP data is presented as icORP (µC − 1 ); higher icORP values are suggestive of lower antioxidant capacity.
Results
Baseline data was obtained for 26 drivers; post-race data was available for 23 drivers. Descriptive statistics are in ▶ table 1. Drivers ranged from 36 to 76 years old with 1 to 45 years of driving experience. Drivers were healthy with a BMI range of 20.8-30.0. Age was correlated to race years (r = 0.54) and car speed (r = -0.47). Older drivers tended to have more experience, and as age increased, maximum lap speed decreased. Heart rate, blood pressure, body temperature, sORP, and icORP were not changed due to age, car speed, years racing, or car temperature (correlation r values are presented in ▶ table 2).
The main effect of racing (pre vs. post) was significant for several physiological measures. There was an increase in sORP postrace compared to baseline (main effect: F(1,20) = 26.4, P < 0.004; 
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▶ Fig. 2a ). On average, drivers had a 14.6 % increase in sORP after racing, further 84 % of all baseline sORP values were lower than the average post-race sORP values. Body temperature and heart rate also increased post-race (main effects respectively: F(1,20) = 13.9, P = 0.001 and F(1,20) = 35.9, P < 0.001; ▶Fig. 2b,c). There were no significant changes after racing on sBP, dBP, or icORP. ▶ table 3 provides the mean and SEM for these variables. There were no significant interactions between pre/post-race and hypertension, vitamin use, use of cooling shirts, or alcohol use (interaction effects: P > 0.05 for all, data not shown), indicating that these groupings did not preferentially change the physiological measures post-race. Group effects were found that were independent of racing. Drivers with hypertension, all of whom were also taking hypertension medication, had lower overall sORP values compared to those that were normotensive (main effect: F(1,20) = 4.40, P = 0.048; ▶Fig. 3a). Those taking vitamins had higher antioxidant capacity (lower icORP values) compared to those that did not (main effect: F(1,21) = 6.66, P = 0.02; ▶Fig. 3b). Vitamin use tended to reduce sORP values but the effect failed to reach significance (main effect: F(1,21) = 3.97, p = 0.059). Vitamin use did not affect sBP, dBP, or any other physiological measure (P > 0.05 all, data not shown). Lastly, neither cooling shirts nor alcohol use had a significant effect on heart rate, blood pressure, sORP, or icORP (main effect: P > 0.05 all analyses, data not shown).
To explore the relationship between hypertension and vitamin use, an ad hoc analysis was done. A one-way ANOVA was run between hypertension with vitamin use (n = 5) and normotensive drivers with and without vitamin use (n = 8 each); only two hypertensive drivers were not using vitamins, thus this group was not included in the analysis but are represented in ▶ Fig. 3 . The analysis suggests that there was a significant decrease in sORP and icORP in hypertensive drivers taking vitamins compared to normotensive drivers not taking vitamins (▶ Fig. 3c,d) . Normotensive drivers using vitamins had ORP values in between the two groups and were not significantly different from either.
Correlations between continuous variables indicate that drivers' weight, baseline sBP, and baseline icORP were related to higher post-race sORP (r = 0.45, 0.58, and 0.55 respectively, P < 0.05). Age, height, BMI, cockpit temperature, speed, heart rate, and body temperature failed to correlate with any other physiological measure (P > 0.05, ▶table 2).
To determine which baseline variables might influence post-race sORP, a multiple regression analysis was done using variables that reached significance with post-race sORP during simple correlation analyses (see previous and ▶table 2) or that themselves had significant pre-and post-race differences (▶ Fig. 2b,c) . Results revealed that baseline sBP and icORP values significantly and independently changed with post-race sORP values (multiple correlation coefficient = 0.78, P < 0.001; partial correlations: 0.65 for sBP, 0.63 for icORP, P < 0.05). Drivers' weight, body temperature, and heart rate failed to meet inclusion criteria. An XYZ graph was created using the regression equation (▶Fig. 
Discussion
Exercise is known to alter the redox balance [26, 39, 40, 43] . This study found that car racing, a unique form of exercise, elevates sORP, a marker of redox balance. The magnitude of the sORP increase after the race was directly related to drivers' pre-race sBP and antioxidant capacity (icORP). Thus, if a driver had a high sBP and a high icORP value before the race, the sORP values after the race tended to be higher. A driver's weight was also related to postrace sORP but not to the extent or predictive value that sBP and icORP values were, most likely because weight correlates strongly with sBP [42] . No other physiological measure or driver characteristic was found to influence post-race sORP values. This is the first study to our knowledge that indicates that race car driving changes the redox balance in favor of OS. Confirming previous work in drivers, we also found elevated heart rate and body temperature in drivers after racing and a lack of change in blood pressure [8, 44, 47, 49] . The redox imbalance induced by exercise most likely comes from two sources: the production of ROS and NO as modulators of vasoconstriction and dilation respectively [22, 23, 34, 46] and from damage to muscle tissue that prompts an inflammatory response [1, 12, 28, 31, 35] . With routine exercise, individuals can attenuate the acute oxidative response produced by a single exercise event; furthermore, they can achieve lower resting levels of OS and raise antioxidant reserves [13, 27, 50] . The current data found that drivers with a higher antioxidant capacity (lower icORP value) pre-race, or resting value, had a smaller increase in sORP post-race. Although we did not inquire into drivers' exercise routines, it is possible that those with higher resting antioxidant capacity and lower drivinginduced sORP tended to engage in routine exercise.
Routine exercise also reduces sBP, which was related to lower driving-induced OS. Goon et al. found that daily Tai Chi reduced sBP but had no effect on dBP [14] . Isometric and resistance training also reduced sBP but not dBP [24, 30] . Systolic BP correlates to plasma levels of hydrogen peroxide, an intermediary between hydroxyl radicals and superoxide radicals in the ROS family, whereas dBP was not [22, 23] , supporting our conclusion that sBP, but not dBP, is related to increased OS in race car drivers.
Ascorbic acid supplements have been shown to decrease dBP in a time-dependent manner but had little effect on sBP [6] . We found that the vitamin supplement was not related to dBP or sBP in this study, but its use did increase antioxidant capacity (icORP). Because vitamin supplements in general include more than just ascorbic acid, the relationship with blood pressure in this study could be overshadowed by other factors, such as routine exercise, which affects both sBP and antioxidant reserves.
Excess weight is associated with increased markers of OS, specifically the production of ROS from white adipose tissue [36] . In the current study, in which BMIs suggest the drivers were relatively healthy, weight was still related to race-induced OS, but weight alone could not predict the post-race outcome of sORP. Body temperature and heart rate also correlated, but the multiple regression suggested that they were also poor independent predictors of postrace redox balance.
Independent of racing status, ORP levels also changed as a function of hypertension and/or high blood pressure medication. Drivers with hypertension had overall, reduced sORP levels compared to those that were normotensive; however, every driver with hypertension was on high blood pressure medications. It is suspected that the medication may be the driving force behind the lower sORP values. Hypertension is associated with elevated vascular OS but several studies report direct and indirect antioxidant effects of calcium channel blockers, statins, and angiotensin receptor antagonists, which are often used to treat hypertension [10, 11, 16] . Thus this could be factor behind the lower sORP values we found in this group. We also found that daily vitamin use in conjunction with hypertension medication further reduced sORP and increased antioxidant capacity.
The unique aspects of race car driving are the extreme conditions under which drivers must perform. In the current study, cockpit temperature and speed had no effect on any physiological measure. It is possible that the cockpit temperatures of this particular racing event did not reach levels that would provoke an additional physiological or OS response beyond what simply driving induces. Compared to previous work in which cockpit temperatures reached 
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upwards of 66 °C [8] , the current study had cockpit temperatures ranging from 22-37 °C. Because of the temperate conditions, the use of cooling shirts was unnecessary and as such, we found no effect of cooling shirts on any measure either. In fact, none of the physiological measures were affected by driver demographics or driving conditions.
Conclusions
This study is the first, to our knowledge, to report increased OS markers after high-speed car racing. Like other forms of exercise, car racing increased heart rate and body temperature. Blood pressure remained unchanged, however higher baseline sBP was predictive of greater post-race elevations in sORP. Baseline antioxidant capacity (icORP) also projected post-race sORP. Drivers with lower sBP or higher antioxidant capacity prior to racing had substantially small changes in redox balance after the race. Based on previous research, it could be suggested that race car drivers engage in routine exercise between races to lower sBP and raise antioxidant capacity. Although this study is based on a small number of drivers, it contributes to the limited collection of studies in driver science trying to elucidate the physiological and, in the current study, redox changes that result from racing with the hope of increasing the ability to evaluate and reduce risk in the sport of car racing. 
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